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ABSTRACT

In December 2019, coronavirus disease 2019 became a pandemic affecting more than 200 countries and territories. Millions of lives are still
affected because of mandatory quarantines, which hamstring economies and induce panic. Immunology plays a major role in the modern
field of medicine, especially against virulent infectious diseases. In this field, neutralizing antibodies are heavily studied because they reflect
the level of infection and individuals’ immune status, which are essential when considering resumption of work, flight travel, and border
entry control. More importantly, it also allows evaluating the antiviral vaccine efficacy as vaccines are still known for being the ultimate
intervention method to inhibit the rapid spread of virulent infectious diseases. In this Review, we first introduce the host immune response
after the infection of SARS-CoV-2 and discuss the latest results using conventional immunoassays. Next, as an enabling platform for detec-
tion with sufficient sensitivity while saving analysis time and sample size, the progress of microfluidic-based immunoassays is discussed and
compared based on surface modification, microfluidic kinetics, signal output, signal amplification, sample matrix, and the detection of anti-
SARS-CoV-2 antibodies. Based on the overall comparison, this Review concludes by proposing the future integration of visual quantitative
signals on microfluidic devices as a more suitable approach for general use and large-scale surveillance.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031521

I. INTRODUCTION

At the end of 2019, a novel coronavirus disease 2019
(COVID-19) outbreak had spread rapidly around the world, result-
ing in a severe global ongoing pandemic. The novel coronavirus,
SARS-CoV-2, attacks the lower respiratory system to cause viral
pneumonia, which is similar to the Severe Acute Respiratory
Syndrome (SARS) in 2002-2003 and Middle East Respiratory
Syndrome (MERS) in 2011."* The infection of SARS-CoV-2 may

deaths in the world in six months and continues to grow
rapidly.”>

What makes SARS-CoV-2 much more transmissible than
other epidemic viruses such as SARS-CoV and MERS-CoV? First,
SARS-CoV-2 has a long incubation time. The median incubation is
estimated to be 5.1 days, while 97.5% of infected people display
symptoms after 11.5 days.” At the same time, the viral load grows
since the infection until it peaks a week after the symptom onset,”

also affect the gastrointestinal system, heart, kidney, liver, and
central nervous system, leading to multiple organ failures.”’
Importantly, while not as lethal as the SARS and MERS, the
SARS-CoV-2 is far more transmissible.” The SARS in 2003 has
8098 reported cases and 774 deaths, and MERS in 2012 has caused
2494 reported cases and 858 deaths. In contrast, the number of
infections of SARS-CoV-2 has reached 14 million with 600 000

therefore allowing a longer time for virus spreading and transmis-
sion. Second, SARS-CoV-2 infection is much less lethal. The mor-
tality rate of SARS-CoV-2 infection is strongly dependent on the
age, where fatality and morbidity are exclusively seen in the age
over 50." For younger generations, a significant proportion of infec-
tion is either asymptomatic or with mild illness. As such, long
incubation and mild or even no symptom in young infected people
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allows more efficient
transmission.

To slow down the spread of the virus, there are increasing
demands of the effective diagnosis of COVID-19, and polymerase
chain reaction (PCR) has been regarded as a gold standard.’
However, due to the cost and limited medical resources, PCR-based
mass screening is impractical. Instead, policies were made to close
borders and constrain public movements as a result of mandatory
isolations/quarantines for preventing further spread of the disease
in the community,'”'" which hamstring economies, causing fears
and panic. As such, alternative solutions are being sought to cope
with this situation.

frequent and contagiousness and

Il. HUMAN IMMUNE RESPONSES

The host response is essential for epidemiological control, vac-
cination, and formulating antiviral strategies against COVID-19.
The beta-coronavirus genome of SARS-CoV-2 encodes several
structural proteins, including the nucleocapsid protein, transmem-
brane glycoprotein, envelop protein, and the glycosylated spike
protein.'>'> When the virus invades, the glycoproteins of the virus
structure such as spike protein and nucleocapsid protein would
trigger the immune system for producing IgG/IgM antibodies
against them. As such, most studies are focusing on the temporal
profile of serum antibody responses against spike protein and
nucleocapsid protein during the infection of the SARS-CoV-2.°

However, different antibodies arising from different antigens
imply varied neutralizing activity. Evidence have suggested that
antibodies against virus envelope glycoproteins possess important
functions including virus neutralization. For example, the spike
protein, serving as a pivotal role in infection and pathogenesis,
mediates host cell invasion via binding to a receptor protein called
angiotensin-converting enzyme 2 (ACE2) located on the surface
membrane of the host cells.'*”'® Thus, the binding of virus anti-
bodies to the virus envelope glycoproteins would impair the
binding affinity of the virus to the cell receptor, e.g., SARS-CoV-2
spike protein to ACE2."” As a comparison, because nucleocapsid
protein is internal to the viral envelope, the role of its antibodies on
the neutralization of the live virus has not been established.'”

The neutralizing activity of antibodies makes them suitable
candidates for reflecting the level of infection as well as the
immune status. Studies of serum antibody responses during the
infection of SARS-CoV-2 indicate a growing level of IgG and IgM
antibodies in 10 days after the symptom onset, and a more vigorous
response of IgG was observed in severe cases than that in mild
cases.'” Importantly, most patients developed seroconversion,” and
a higher level of IgG antibody was observed in survivors of the
intensive care unit."” Using SARS-CoV patients as a reference, such
a neutralizing activity may exist for 17 years.”’ In addition, while
there are reports on the reinfection of SARS-CoV-2, it is believed
that reinfection cases might not be due to the genetic mutation of
the SARS-CoV-2 virus.”’ Instead, the RT-PCR test results from
patients who have recovered from COVID-19 might be attributed
to the virus which was not totally eradicated from the body, cross-
contamination from another beta-coronavirus, false positive results,
and incorrect sample collection.”’ Thus, IgG and IgM antibodies
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against the SARS-CoV-2 can still be a feasible biomarker for evalu-
ating the immunity to COVID-19.

As such, there are growing interests and demands of the IgG/
IgM antibody test so that people can be aware and document the
immune status, which is required before resuming the work, flight
travel, border entry control, and so on. It also provides the level of
population immunity for public policymakers based on the per-
centage asymptomatic infected cases in a population. Furthermore,
it can be also used to evaluate the efficacy of the vaccine during
clinical trials.

11l. CONVENTIONAL APPROACH FOR THE DETECTION
OF ANTIBODIES

Immunoassay plays a major role to quantify antibodies or
neutralizing antibodies.”>** As there are different IgG/IgM antibod-
ies classified based on its glycoprotein antigen, the first concern is
to ensure that the IgG/IgM antibody test is specific to SARS-CoV-2
and has no cross-reactivity to other coronaviruses. Cryo-EM
(Cryogenic Electron Microscopy) structure analysis has revealed
that the binding affinity of SARS-CoV-2 spike protein to ACE2 is
about 10—20 times higher than that of the SARS-CoV spike
protein.'>** More importantly, a recent study tackling the antigenic
differences between SARS-CoV-2 and SARS-CoV shows that,
although cross-reactive binding was observed, cross-neutralization
of the live viruses was not as common.”” Thus, while the nucleo-
capsid protein is abundant, the uniqueness of the spike protein
further ascertains the specificity of the detection on the neutralizing
antibody of SARS-CoV-2.

While both IgG and IgM antibodies to spike protein strongly
correlate with virus neutralization,” their presence in serum is in
different phases after infection, which raises concerns about the
appropriate time for collecting blood samples for serological tests.
In a recent article in The Lancet Infectious Diseases,” To and col-
leagues reported the temporal profile of serum antibody responses
during the infection of SARS-CoV-2. It is shown that, after the
onset of symptoms, IgM antibodies were detected since day 4 and
peaked at day 20, while IgG antibodies were detected since day 7
and peaked at approximately day 25.'° Thus, early detection may
subject to insufficient sensitivity and false negativity. Recently, a
systematic analysis of antibody detection has revealed that the
detection of IgG antibodies provides better sensitivity for samples
collected a week after the onset of symptoms,” and such finding
corroborates early results of a lower specificity of IgM tests.”® On
the other hand, the combined IgG/IgM test would generally
increase the sensitivity irrespective of detection methods.” Taking
together, the combined detection of IgG/IgM against the
SARS-CoV-2 spike protein seems to be a better choice considering
the sensitivity, specificity, reduced cross-activity, and quantification
of virus neutralization.

The next question is to choose the detection principle. The
most commonly used immunoassays are Enzyme-Linked
Immunosorbent Assay (ELISA), Chemiluminescence Enzyme
Immunoassays (CLIAs), Fluorescence Immunoassays (FIAs), and
the Lateral Flow Immunoassays (LFIAs)™>*>7*% (Fig. 1). All
methods are designed based on immunoaffinity binding, where the
target IgG/IgM antibody simultaneously binds to an anti-human

Biomicrofluidics 14, 061507 (2020); doi: 10.1063/5.0031521
Published under license by AIP Publishing.

14, 061507-2


https://aip.scitation.org/journal/bmf

Biomicrofluidics

Outlet

Reaction —<<
Chamber

Test Line

Sample Loading Pad

Control Line

REVIEW scitation.org/journal/bmf

TMB Substrate Colored Product
v

Enzyme Positive Control
Conjugated
antibodies O
Test Results
Surface Modification
Substrate
Negative Control

Luminol Substrate Chemiluminescent
v ¥ Product
I Ay

(5]

Positive Control

Enzyme
Conjugated U

antibodies Test Results

Negative Control

Excitation Source Fluorescence Signal

Positive Control

@]

Test Results

5 Fluorophore
Conjugated
antibodies

Surface Modification

Substrate Negative Control

[ B B Control Line

| [ Test Line
Negative Test Positive
Control  Results  Control

FIG. 1. Immunoassay for antibody detection based on (a) Enzyme-Linked Immunosorbent Assay (ELISA), Chemiluminescence Enzyme Immunoassays (CLIAs),
Fluorescence Immunoassays (FIAs), and (b) Lateral Flow Immunoassays (LFIAs). For ELISA, CLIA, and FIA, similar immunoaffinity binding is used, while the secondary
anti-human IgG/IgM antibody is conjugated with an enzyme (ELISA or CLIA) or a fluorescence tag (FIA) that reports optical signals. For LFIA, the presence of target anti-
body is reported by the appearance of a color bard formed by the target-mediated immobilization of nanoparticles.

IgG/IgM antibody and a SARS-CoV-2 antigen, e.g., virus spike
protein or nucleocapsid protein. Mostly, the SARS-CoV-2 antigen
is to capture the target IgG/IgM antibody against the viral protein,
while the other anti-human IgG/IgM antibody is conjugated with
an enzyme or fluorescent tag that reports signals. For ELISA, horse-
radish peroxidase (HRP) is used for catalyzing the conversion of
chromogenic substrates tetramethylbenzidine (TMB) to produce a
color change quantifiable by optical absorbance. Similarly, the
enzyme, e.g., HRP or alkaline phosphatase (ALP), can be also used
in CLIA to catalyze the light emission of the chemiluminescent
substrate. However, different from ELISA where the multi-well
plate is used as the substrate for immunoaffinity binding, in CLIA,
the SARS-CoV-2 antigen is mostly immobilized on magnetic

particles to facilitate the removal of non-binding enzymes and
automate the process. On the other hand, FIA relies on the labeling
of the fluorophore on the binding agent to report signals. It can be
versatile in different platforms and formats, but a specific fluores-
cence analyzer is needed. Finally, in contrast to the detection
methods above, LFIA uses immunochromatography to provide a
color band as a reporter. Generally, gold nanoparticles are conju-
gated with the SARS-CoV-2 antigen and mixed with the serum
sample at the sample pad. Carried by a capillary flow in a cellulose
membrane, the gold particles with the captured target I1gG/IgM
antibody would be captured and immobilized at separate lines pre-
coated with the anti-human IgG/IgM antibody. Therefore, their
accumulation generates a color band available for visual inspection.
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The major difference between these methods is clear. The
ELISA and FIA are the most popular methods for quantitative
analysis and have been considered the gold standard of an immu-
noassay for antibody detection. However, they are labor intensive
since multiple rinsing steps are required to remove unbound anti-
gens and antibodies. In contrast, the CLIA provides a high degree
of automation and the possibility of handling a large number of
samples simultaneously. However, they heavily rely on complex
machinery and laboratory skills, which are only available in profes-
sional clinics or laboratories. On the other hand, the LFIA provides
a unique alternative with visible results on a simple, cost-effective,
and portable platform, making it particularly suitable for untrained
end-users. However, the lateral flow method relies on the appear-
ance of color bands, which are mostly for yes/no signals and hard
to quantify, as seen in Fig. 1(b). Such a limitation makes the result
difficult to interpret and ambiguous. A systematic comparison con-
ducted by Kontou et al. have confirmed that while ELISA and
CLIA provide sensitivity over 90%, the sensitivity of LFIA can only
reach 53% to 66%.”” Thus, the ELISA and CLIA tests will be suit-
able for more precise and accurate detections, while LFIA tests are
particularly useful for the large-scale surveillance of serological
immunity with the lower requirement of sensitivity.

IV. MICROFLUIDIC IMMUNOASSAY FOR ANTIBODY
DETECTION

Due to overwhelmed medical facilities, there are demands for
miniaturized tests that are simple and can be performed at home
by non-medical personnel. However, to achieve meaningful detec-
tion, the antibody test should be (1) sensitive, to prevent false-
negatives, (2) quantitative, to allow clear-cut evaluation of immu-
nity without ambiguity, and (3) suitable for point-of-care testing,
for conducting large-scale surveillance without increasing medical
burden. While LFIA’s portability and easy-to-use format make it a
good candidate, the insufficient sensitivity and qualitative readout
are the main obstacles in obtaining significant and meaningful
results for diagnosis.

Due to such demands, microfluidics has attracted much atten-
tion in recent decades because it enables low reagent consumption,
high throughput, and rapid analysis. The first attempt of microflui-
dic ELISA for antibody detection was demonstrated by Eteshola
and Leckband, who achieved a limit of detection of 17 nM on the
detection of rabbit anti-sheep IgM antibodies.”” Later, other
attempts were made to miniaturize the ELISA,***! CLIA,>*™* and
FIA®**"?>*% into microfluidic platforms. Notably, such a platform
has not only achieved good sensitivity and detection limits compa-
rable to conventional ELISA but also greatly save the analysis time,
requirement sample size, and reagent. In what follows, we discuss
and compare the progress achieved using microfluidic-based
immunoassays for antibody detections through different aspects
including surface modification, microfluidic kinetics, signal output,
signal amplification, and sample matrix. Notably, the microfluidic-
based immunoassays selected for comparison are not only for anti-
bodies against viral infection but also for other pathogens or
disease models since the same principle can also be applied to
SARS-CoV-2 antibodies. Finally, we report two very recent articles

scitation.org/journal/bmf

using microfluidic immunoassay for the detection of

anti-SARS-CoV-2 antibodies.

A. Surface modifications

Appropriate surface modification is the first technical challenge
for achieving microfluidic immunoassay. Due to the excessive dena-
turation of proteins caused by hydrophobic interactions through the
conventional surface adsorption of antibodies, the treatment of
the surface to maintain the protein function is crucial. Generally, the
microfluidics platform is based on microchannels fabricated using
silicon,™ poly(dimethylsiloxane) (PDMS),”>* 7% “and  poly
(methyl methacrylate) (PMMA)’** as the common materials.
However, without special treatment, the protein adsorption on those
materials is limited, which prevents protein immobilization and
immunoaffinity binding for successful immunoassay. In the past
decades, the effort has been spent to investigate a suitable surface
treatment enhancing antibody binding., For example, Bai et al.’
study the surface treatment using amine bearing compounds
[Fig. 2(a)]. Amine bearing molecules such as polyethylenimine (PEI)
and PAH [poly(allylamine hydrochloride)] show a fluorescence reac-
tion rate (RFU/s) of 16 RFU/sand 14 RFU/s, respectively, which is
16 times better than the non-treated PMMA surface. In addition,
Wen et al’” utilize amine bearing polymer PLL [poly(l-lysine)]
complex forming a biotin-PLL-g-PEG graft copolymer alongside
protein A to treat a PMMA surface [Fig. 2(b)]. Here, the copolymer
complex and protein A functions as a tool to improve the antibody
capture efficiency and conform to antibodies orientation. On the
silica surface, PEI was used to enhance antibody immobilization.
However, instead of physical adsorption, the covalent coupling of
antibodies via glutaraldehyde is required to stabilize them.”
Comparative study illustrates the performance of the utilization of
the copolymer complex, where the combination of plasma treated
PAA-biotin-PLL-g-PEG-Protein A can yield a fluorescence reaction
rate up to 53 RFU/s compared to the 1.40 RFU/s for the PEI treated
PMMA discussed previously [Fig. 2(0)].*°

On the other hand, the PDMS surface has been reported with
high hydrophobicity and avidity, which makes the passive adsorp-
tion of the antibody/protein ineffective.”” To address it, the PDMS
surface was either plasma treated with varied duration™ or acti-
vated by UV-ozone’' to enhance the protein adsorption.
Moreover, the buffer solution for blocking was also optimized to
minimize non-specific bindings and background noise.””’”
However, while physical adsorption is convenient to immobilize
large amounts of protein, effective blocking has been difficult.
Thus, selective immobilization using protein A has been applied to
PDMS microchannels.”” After uniformly coating of BSA, the BSA
was activated by glutaraldehyde, which enables covalent binding of
protein A via the glutaraldehyde groups similar to the modification
on PMMA surface.”” In such selective immobilization, the signal to
noise ratio can be improved up to five times.*

Glass is also a common material used for microfluidic devices.
Cleaned glass was used for the deposition of assays of protein
spots. After drying, PDMS precursor was poured and cured onto it,
allowing the protein spots being transferred to the PDMS surface
after being peeled off. Using this pattern transfer, the complicated
procedure of the surface treatment is greatly simplified.”” Also,
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FIG. 2. Surface treatment on substrate with (a) (i) PEI and PAH chemical struc-
ture. (ii) llustration of the spatial effects of different surface modification on anti-
body binding on the PMMA surface of surfaces treated with PEI or PAH (left)
and passive adsorption of antibodies on PMMA surface without modification,
which could result in disorientation and functional disability upon binding (right).
(b) Biotin-PLL-g-PEG protein A-based antibody immobilization schematic.” (c)
Compared immunoassay performance between different surface treatments for
the detection of anti-IFN-y.* (b) and (c) Reprinted with permission from Wen
et al.,, J. Inmunol. Methods 350(1-2), 97-105 (2009). Copyright 2009 Elsevier.

after coated with aminosilane, the glass surface can also bind to
protein A and G for immobilizing the capture antibodies.” To
ensure the original conformation of the immobilized protein,
Cretich et al. synthesized another copolymer combining N,
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N-dimethylacrylamide (DMA) and N,N-acryloyloxysuccinimide
(NAS) by grafting it to a glass surface.”’ The surface is first coated
with MPS (3-mercaptopropyl silane) through silanization, followed
by DMA and NAS coating. Through polymerization, DMA and
NAS would form a copolymer binding to the MPS, forming a
brush-like structure with a free NAS amine group which could be
modified to fulfill specific requirements. Through this copolymer
treatment, antibodies can be immobilized with their native confor-
mation. Moreover, they also provide low fluorescence background,
which allows the usage of high laser power (90%) and dial-up the
PMT (Photomultiplier Tube Sensitivity) to 90% enhancing the sen-
sitivity of the assay with a threefold to fivefold IgE reactivity.

B. Microfluidic kinetics

It is, in fact, non-trivial to accomplish multiple rinsing steps
in a miniaturized immunoassay. Pressure-driven flow carried out
by a syringe pump or peristaltic pump for reagent loading and
rising are mostly used for protein immobilization and antibody
binding.”” > While it is the most convenient approach, the integra-
tion between the microfluidics platform and the pump makes the
device bulky and complicate to operate. To address it
electrokinetic-driven flow has been proposed,” which enables easy
integration of pumping mechanism and automates flow control for
microfluidic immunoassay. However, the electrokinetic mobility is
highly dependent on the buffer solution and the zeta potential of
the channel wall,”” which may restrict the suitable buffer environ-
ment and blocking agent. To completely avoid the immobilization
and washing, researchers proposed the use of microchannels for
capillary electrophoresis, which can effectively separate the immune
complex from free antibody or antigen based on the difference of
charge-to-mass ratios. In this way, the detection of the antibody
can be achieved by a newly appeared fluorescent peak representing
the antibody-antigen complex. Such capillary electrophoresis can
be used for the direct quantification of a specific antibody, e.g.,
tetanus antibodies.”' When combining with online mass spectrom-
etry, it can even discriminate monoclonal antibody variants.*

Microfluidic kinetics can be also used for enhancing anti-
body-antigen binding. Immunoassays are often mass transport
limited since molecules’ interaction is usually confined on the
surface of microchannels.”” Thus, when the solution is introduced,
a large number of molecules might pass by the reaction zone
without effective binding. Overcoming this binding efficiency can
be optimized through the mixing at the reaction zone of the micro-
fluidic device. Cretich et al. enhanced the detection sensitivity of
allergen specific IgE by integrating microarray in a microflow cell,
which allows dynamic incubation of serum [Fig. 3(2)].*” With the
aid of sequential insertion of reagents from multiple reservoirs, this
automated flow facilitated the amalgamation of the antibody with
their respective allergen, hence eliminating the mass transport
limit. Comparing the conventional 2-h static incubation protocol,
this microfluidic assay with 10 min of dynamic incubation showed
improvement of IgE fluorescence signals up to six times."’
Similarly, Singhal et al. designed a microfluidic device with control
valves to control the association and dissociation rate of the
binding interaction [Fig. 3(b)].”” With this setup, they can achieve
8x10* antibody molecules (132 zeptomoles) immobilized on a
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system.”” Reprinted with permission from Singhal et al., Anal. Chem. 82/20,
8671-8679 (2010). Copyright 2010 American Chemical Society.

single bead with less than 2x 10° antibodies injected into the
system.

C. Signal output

The signal acquisition on the microfluidic platform is also a
concern. Traditionally, the fluorescence and chemiluminescence
signals are acquired and analyzed by a microscope with a image
detector, e.g., a CCD camera or a photomultiplier tube,’>*32>°¢
which make the entire system impractical for miniaturized tests
(Fig. 4). Some other more advanced optical systems were also used
but require even more sophisticated optical setups.””” To minia-
turize the detection module, there are attempts such as using inte-
grated photodiodes onto the microchannels at the test zone, while
light sources such as LED or laser were used for the measurement
of optical absorbance.”””' However, the alignment of the light
source, test zone, and photodiodes is essential for accurate mea-
surement, which requires special care during the design process. To
ease the optical setting, it has been reported that immunobinding
on the channel wall would change the long-range orientation of the
liquid crystal above it, resulting in a bright optical signal observable
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by the naked eye or under a polarized microscope.***> More
importantly, by flowing antibodies along the microchannels uni-
formly coated with antigen, the concentration of antibodies would
reflect a changed length of the bright region due to the difference
of the binding rate and characteristic binding time,** allowing
quantitative signal readout.

On the other hand, to avoid the use of optical systems, the
electrochemical reaction has become an easier approach for data
acquisition on microfluidic platforms (Fig. 4).***°"*® The key of
electrochemical detection is to use enzymes labeled on the detec-
tion antibodies to convert the binding event into an amperometric
output. The common enzymes of use are HRP and ALP. By cata-
lyzing a redox reaction, substrates such as p-aminophenyl phos-
phate (PPAP) and tetramethylbenzidine (TMB) are oxidized, and
the exchanged electrons can then be used for generating an amper-
ometric current. Comparing to the measurement of optical signals,
amperometric current can be quantitatively measured by electrodes,
which is a much more sensitive, low-cost, and easy-to-use platform.
For example, Zhao and Lin have developed paper-based microflui-
dic platform allowing the multiplexed detection of human immu-
nodeficiency virus (HIV) and hepatitis C virus (HCV) antibodies
in serum samples.”” They have achieved LOD of 300 pg/ml and
750 pg/ml, which is much better than the ELISA-based microflui-
dic platform for HIV antibodies (10-22 x 10'° pg/ml).” Since only
electronic components are used, the material cost of the ampero-
metric meter can be as low as CAD $60," providing a great advan-
tage of device miniaturization.

D. Micro/nanopatrticles conjugates for signal
amplification

A limitation of microfluidic immunoassays is the finite area of
contact used to immobilize biological agents. Traditional immuno-
assays usually are done on a flat surface, which only has a two-
dimensional functional area to capture antibodies. To increase the
effective immobilization region, micro/nanoparticles have been uti-
lized due to their high surface area that promotes more antibody
capture, which amplifies the signal generated by the assay
[Fig. 5(a)]. Utilization of these microbeads can be done through
various means. One approach commonly used is by utilizing mag-
netic/paramagnetic beads for a better localization with the use of
an external magnetic field. Pereira et al."’ use magnetic microbeads
coupled with a gold electrode in a microfluidic channel to capture
the antibodies of bacteria H. pylori that causes chronic digestive
issues. Their work can achieve a limit of detection of 0.37 U/ml
compared to 2.1 U/ml of the traditional ELISA procedure in a total
assay time of 25 min. Similarly, Lee et al. utilize epoxy coated mag-
netic microbeads to capture dengue virus antibodies with a detec-
tion limit of 21 pg/ml [Fig. 5(b)].”" Usage of gold nanoparticles
(AuNPs) is very popular in the field of electrochemical immunoas-
says due to their versatile properties and great surface-to-volume
ratio, which enhance the biomolecule binding site and the sensitiv-
ity of the devices. Studies by Pereira et al. utilize gold nanoparticles
to modify surfaces to different electrode materials for specific anti-
body immobilization. Gold nanoparticles deposited electrochemi-
cally to the electrode surface are primarily dictated by certain
parameters such as the time of deposition (tdep) and the deposition
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FIG. 4. Signal acquisition on microfluidic immunoassays with their common detection methods.

potential (Edep). After optimizing the electrochemical deposition of
gold nanoparticles, Pereira et al.”' achieved a limit of detection of
3.065 ng/ml and an inter-assay variation of 6.95% for the detection
of anti-Trypanosoma cruzi antibodies. Another study by Pereira’
modified the gold electrode with the 1,6-hexanedithiol (1,6-HDT)
solution forming a self-assembled monolayer (SAM) atop the gold
electrode surface. The 1,6-HDT solution modified gold electrode
was then exposed to the gold nanoparticles and then reacted with
mercaptopropionic acid containing -SH groups. Here, the reaction
between the acid and the surface of the gold nanoparticles will
produce free COOH groups that will promote the antigen binding
of the target antibody [Fig. 5(c)]. When applied to the detection of
antibodies of Echinococcus granulosus, a limit of detection of
0.091 ng/ml with 6.7% inter-assay variation within 26 min was
achieved, which is much less than conventional immunoassays.

E. Sample matrix

The ability to handle the sample matrix is also very crucial. A
common form of the sample matrix used in the detection of anti-
bodies is either serum or whole blood. Serum-based microfluidic
immunoassays separate the blood serum from the whole blood
prior to the insertion of the microfluidic device through
centrifugation.”*”**>* Through it, the wanted biomolecule could
be isolated to improve performance of the device.”” Whole blood
matrices give extra advantages of allowing multiplex detection due

to the presence of a wide range of biomolecules.” Example of these
separation methods are centrifugation through a lab-on-a-disk
approach™ and filtration in the lateral flow immunoassays.” With
such addition of the separation mechanism, microfluidic immuno-
assays could provide an insignificant difference in detection perfor-
mance from its serum-based counterpart.

F. Application to detection in anti-SARS-CoV-2
antibodies

In the battle against COVID-19, some microfluidic approaches
for the antibody detection of the SARS-CoV-2 have recently
emerged. One device was fabricated by Swank et al”’ with a
MITOMI  (Mechanically Induced Trapping of Molecular
Interaction). In this method, the presence of anti-SARS-CoV-2
would be captured by immobilized SARS-CoV-2 spike protein and
report fluorescence signals upon binding to an anti-human IgG
antibody conjugated with phycoerythrin. With the aid of auto-
mated flow control on 1024-unit reaction chambers on a microflui-
dic platform, high-throughput analysis was enabled. The limit of
detection is around 1nM of IgG. Applying to total 289 serum
samples, ie., a sample of 155 people tested positive for
SARS-CoV-2 and 134 negatively tested, 100% specificity and 98%
sensitivity were achieved, which they claimed to be as good or
better than standard ELISA. On the other hand, another device

fabricated by Funari et al.” utilize gold nanospikes in label-free
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opto-microfluidic sensing to detect SARS-Cov-2 spike protein anti-
bodies in human plasma. By measuring the wavelength shift of the
localized surface plasmon resonance caused by the local refractive
index change when anti-SARS-CoV-2 antibodies bind to the
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surface, this device achieved a limit of the detection of approxi-
mately 0.08 ng/ml, which falls under the clinical detection range.

V. SUMMARY AND FUTURE PERSPECTIVES

Due to the recent pandemic of COVID-19, millions of
people’s lives have been affected because of mandatory isolations/
quarantines, which hamstring economies and causing fears and
panic. To resume normal life, there is an increasing demand for the
IgG/IgM antibody test so that people can be more conscious and
document their immune status, which is required before resuming
work, flight travel, border entry control, and to speed up the recov-
ery from pandemic’s catastrophic damage on the global economy.
In addition, if widely accepted, it would also provide the level of
herd immunity for public policymakers, especially the percentage
of asymptomatic and immured cases in a population. Moreover, it
can also be used to evaluate the efficacy of vaccines during clinical
trials, which is crucial to save lives and bring back normality.

Conventionally, ELISA, FIA, and CLIA are reliable methods
with quantitative readouts, but they also require sophisticated
equipments, labor-intensive protocols, and profession operators,
which are not accessible by ordinary end-users. On the other hand,
the LFIA uses the appearance of a color band as the signal readout
similar to the pregnancy test, providing a unique advantage with
visual results using a simple, cost-effective, and portable platform.
However, it is only for yes/no signals by visual inspection, and
quantitative measurement can only be obtained through a special
strip reader. As a result, it is difficult to achieve simple and portable
platforms as cumbersome, bulky instruments are still inevitable. In
fact, many LFIA kits were reported only to be able to identify
immunity accurately in people who had been severely ill.

In the past decades, many portable sensors with visual signals
have been reported. In this Review, we summarize the detection of
antibodies on microfluidic platforms (Table I), including but not
limited to antibodies against viral infections. Different methods
have been grouped together based on their signal output to
compare the performances of each microfluidic device. Among all
the methods reviewed, the limit of detection (LOD) of most micro-
fluidic detection ranges from 0.01 to 30000 ng/ml with fluores-
cence, chemiluminescence, and colorimetry format, depending on
the detection strategy and the use of signal amplification.
Moreover, to achieve the quantitative measurement with sufficient
sensitivity, optical setups are required, which is impractical and
even more difficult to implement on miniaturized devices. In con-
trast, electrochemical based microfluidic assays can detect biomole-
cules as low as 0.003ng/ml"’ and 0.091ng/ml, respectively,
indicating the superior sensitivity of the electrochemical detection.
However, rinsing/washing steps are still needed, which makes the
automated pumping inevitable. Furthermore, dilution and removal
of IgG are usually required if the sample matrix is a serum or the
WhOle blood.3())‘;4)4(]’4 1,47-49,51,55

Apparently, the current development of microfluidic immuno-
assays is still restricted to laboratory-based detection. While good
detection performance is achieved, challenges are still faced for
applications to untrained end-users. To conduct large-scale surveil-
lance, it is indeed important to maintain the advantage such as
portability, simple-to-use, no requirement of equipment, and low
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cost. Moreover, to prevent false diagnosis, it is also expected to
2 Z g achieve (1) sufficient sensitivity, (2) quantitative measurement pref-
erably by visual inspection without relying on complicated equip-
ment, and (3) better compatibility with the whole blood, which is
vz particularly suitable for home-use since centrifuge is unlikely avail-
§ E —D’U 2 2 able at home.
9 HE g = In fact, there are attempts based on the appearance of a visible
E P RE o bar on the accumulation of nanoparticles in the microchannels for
S &2 visual detections.”” In particular, quantitative measurements were
oe ) also allowed by the movement of an ink bar®’™** or microparticle
2 accumulation in a microfluidic chip.”’ Among them, ELISA-based
Y immunoassay has been demonstrated with the visual quantitative
& i S result.”” Here, instead of directly measuring the change of solution
020 color, as that in the immunosorbent assay, this work utilizes cata-
=0 lyze to react with hydrogen peroxide to produce and release oxygen
" g gas to push preloaded inked bars. Thus, because the channels are
2 '§ = in the microscale geometry, the movement of the ink bar becomes
:c’b—g > visible and quantitative, which is superior to all the other signal
‘E" 3 g‘ acquisition methods. On the other hand, combining microparticles
= S and microfluidic platforms, our group has also developed a simple
3 : and sensitive microfluidic particle dam enabling visual quantifica-
£ g £7% 3 tion of oligonucleotide and lead ion by the naked eye.””™*” Here,
g g §* ] =) similar to the immunoaffinity binding, the present linker mole-
< coa g B cules, e.g, DNA oligonucleotide or lead-dependent DNAzyme,
o A 9 were used to connect magnetic microparticles (MMPs) and polysty-
= “ o "§ : rene microparticles (PMPs), forming “MMPs-linker-PMPs.” Thus,
é 8 8 o ob the amount of linker would be proportional to the connections
E e 2 _;: =) between MMPs and PMPs. To quantify it, the solution is loaded to
S é“ ‘é‘ 2w a capillary-driven microfluidic device where MMPs and the
] E E = = MMPs- linker-PMPs are first removed by a magnetic separator,
= SR =% leaving the free PMPs continuing to flow until being trapped and
%’ gb accumulate at a particle dam. Thus, the PMP accumulation eventu-
“ % E & ally forms a visual bar quantifiable by the length. Together, while
e o, =39 the current microfluidic immunoassays offer advantages of saving
s 2 = e the analysis time and reduction of sample size and reagent, the
o 9 g '% direct miniaturization of the conventional immunoassays onto a
é z microfluidic platform has made the device integration difficult and
x ; 2 S impractical. Instead, those visual quantitative methods truly utilize
§:'o o ol the advantage of microscale channels to display the quantitative
2 - o _;f é signal readable with the naked eye, suggesting a new perspective for
2*3 the future development of microfluidic immunoassays.
% A . = 2 In summary, the mandatory isolations/quarantines due to the
Sz EAS = pandemic of COVID-19 have raised increasing interest in antibody
S E . % 'z detection. However, instead of directly miniaturizing the conven-
T 2 RS g &5 tional immunoassays onto the microfluidic platform, new
IS S E CIE approaches using visual quantitative signals may provide a new
g3 g 2 concept to cope with the detection of viral immunity in views of
o %2 ;9 the current COVID-19 pandemic. Thus, such detection is envi-
g g E sioned to be applied for the detection of viral immunity, allowing
© g\ 2 2 the determination of the actual level of immunity to COVID-19 for
g @ S| e £ point-of-care testing, to relax the burden on the healthcare system,
£y 8 o || A= and to accelerate the recovery of economic damages.
& § '% S5 2 E E
g5 51528 £ =8
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